Investigations into the effect of succession stage on seed rain and seedling recruitment were conducted in Kraków-Kostrze (southern Poland) in 2014 and 2015. Observations were carried out in Molinia caeruleae meadows representing early (Patch I), temporary (Patch II) and advanced (Patch III) stage of secondary succession. Patch I was dominated by meadow species creating delicate stems, Patch II abounded in large tussock grasses and tall-growing rhizomatous grasses and Patch III was overgrown by willow shrubs and bordered by trees. The number of seeds and taxa in the seed rain decreased gradually in the successive study sites. Species resident in the standing vegetation were the most abundantly represented in the seed rain and their share augmented remarkably in Patch III, most likely due to its spatial isolation by the surrounding shrubs and trees. The share of seedlings and taxa in artificially made gaps in the plant cover and litter decreases along the successional gradient. The majority of taxa appearing in the seedling pool of all the patches occurred in the seed rain, while the taxa in the soil seed-bank reserves were modestly represented only in Patches I and II. Combining the obtained results and published data, it can be stated that, being abundant in the seed rain, the best colonizers show the greatest germination capability. Although the best colonizers are meadow taxa, fast-growing weeds, trees as well as alien, invasive species also appeared in the seedling pool.
INTRODUCTION
At the beginning of 20 th century the semi-natural richin-species humid meadows (order Molinietalia) were common across the whole of Europe [1] . During the 1970s, the traditional agricultural management was either heavily intensified or abandoned for socioeconomic reasons. The lack of land-use contributing to secondary succession promoted the development of swamps and brushwoods, which finally brought about the disappearance of numerous plant species and a decrease in biodiversity. The encroachment of tall-growing native and alien perennials, as well as shrubs and trees, leading to habitat fragmentation and diminishing of the aforementioned communities' area, was also noted across the whole of Europe during this period [2] [3] [4] [5] [6] [7] . Consequently, the most endangered types of humid meadows were listed among other protected habitats in the Annex I Habitat Directive and are included in the net NATURA 2000 [8] .
Although the creation of gaps in the continuous plant cover and litter seems to be a very effective way of active conservation of humid meadows, studies of natural colonization of openings are rather scarce. So far, the studies of natural seedling recruitment of artificially made gaps during meadow overgrowing were conducted in relation to gap size [9] , shape [10] , the mode of gap creation [11] [12] [13] [14] [15] [16] [17] and time of origination [18] . Moreover, Fibich et al. [19] investigated the establishment of seedlings and vegetative sprouts in openings.
Considering the insufficient state of knowledge, the present studies were undertaken. Their main aim was to assess the relations between the plant canopy, seed rain and seedling pool in Molinia caeruleae patches with different habitat conditions. Specific goals focused on answering the following questions: i) What is the number of taxa and seeds in the seed rain? ii) How abundantly are the taxa present in the established vegetation represented in the seed rain? iii) Which species occur in the seed rain? iv) What is the number of taxa and seedlings in the seedling pool? v) How abundantly are taxa present in the seed rain represented in the seedling pool? and vi) Which species occur in the seedling pool?
MATERIALS AND METHODS

Study area
The investigations were carried out in the Kostrze district on the western border of Krakow, south of the Vistula River (southern Poland). The research area is situated at ca. 210 m a.s.l, on the low flood terrace of the Vistula. Peaty or clay-and silt-laden soils with fluctuating water tables are covered by Molinietum caeruleae patches [20] . The abandonment of mowing for at least the past dozen years has favored the encroachment of vegetation from the alliances Phragmition and Magnocaricion, leading to the fragmentation of meadows [21, 22] . The meadows are surrounded by diverse vegetation types, including deciduous forests covering the slopes of the Vistula valley, calcareous grasslands occurring on the limestone and chalk hill slopes, and ruderal communities appearing near buildings and along the edges of roads.
The studies were carried out in an area comprising three adjacent abandoned patches of Molinietum caeruleae sensu Matuszkiewicz [23] The floristic similarity among the study sites was checked by the Jacquard index. In July 2014, an evaluation of the plant height from soil surface to the top flower (n=30, randomly chosen stems) was performed using a folding tape measure. The habitat conditions in the experimental patches are described in Table 1 .
The characteristic of seed traps and seed identification
Twenty traps for the seed rain were placed in each study site in both study seasons during the first week of April. The traps were separated from each other by belts of untouched vegetation at least 3 m wide and were located ca. 2 m from the borders of the patches. The plastic-made traps consisted of a transparent, cylindrical container half-buried in the soil. The containers were covered on top by a fine mesh (pore size 0.4 cm) to reduce insect capture. The volume of containers was 2260.8 cm 3 (the height of the containers was 20 cm, while their radius was 6 cm). The traps were emptied twice a month in the laboratory. Each time the containers and mesh were washed and then reused. Seeds deposited in the traps were identified directly under a binocular microscope (at 10-60x magnification) or a dissecting microscope using the author's comparative collection, as well as the keys and manuals for seed determination [24] [25] [26] and monographs [27] [28] [29] . Altogether, in the seed rain of the successive patches, 145 seeds − most likely from the Poaceae and Cyperaceae families, indeterminable at the species-level − were excluded from the analyses. Then, for each patch the following parameters were counted: i) the cumulative number of species/seeds in all the traps; ii) the average number of species/seeds per trap; iii) the percentage of seeds representing the species present and absent in the plant cover; iv) the Jacquard index between the species composition of the plant canopy and the seed rain. At each study site the number of diaspores representing particular species appearing in the seed rain were counted, and the five most abundantly represented in the traps were identified.
Gap creation and seedling determination
Next to each trap a gap with an area 20 cm x 20 cm was artificially made. The gaps were created by clipping all the aboveground parts of the plants at soil level and removing them along with the litter layer. The underground organs of the plants were not dug up. This treatment is considered optimal for seedling recruitment in wet meadows according to Kotorová and Lepš [30] , as well as Kostrakiewicz [9] . The ramets of the adjacent plants encroaching on the gap area during the growing season were not removed.
Habitat conditions in the openings were monitored in a central part of each gap once a week from April until November, between 10:00 and 12:00 in the years 2014 and 2015. Altogether, measurements were taken during 30 weeks each year. The light intensity at the soil level was examined in full sunshine with a Voltcraft MS-1300 digital light meter (accuracy ±5% ; measuring range 0.01-50 000 lx). The humidity at ground level was measured using an OMEGA HSM50 handheld digital soil moisture sensor (accuracy ±5%; measuring range 0-50% moisture content of soil). Soil temperature at a depth of 5 cm was measured using a Hanna electronic temperature sensor (accuracy ±0.1°C; measuring range -10-60°C). The weekly average values of the abovementioned parameters were calculated for each Patch separately and are presented together with the dates of measurements in Suppl. Table S1.
The process of gap colonization by generative offspring was monitored once a week from April until November in the studied years. All the recruits were removed and examined according to the guides for seedling determination [31, 32] with the support of the author's own comparative collection. The genets of rare and protected plants were identified in situ without digging them up and marked with plastic rings and sticks. The nomenclature of the taxa follows Mirek et al. [33] . Altogether in the seedling pool of successive patches, 87 seedlings (most likely from Poaceae family, indeterminable at the species level) were excluded from the analyses. Then, for each patch the following parameters were counted: i) the average light availability, soil moisture and soil temperature within gaps; ii) the cumulative number of species/seedlings found in all the gaps; iii) the average number of species/seedlings per gap; iv) the percentage of seedlings representing the species present in the plant cover and the seed rain, present only in the plant cover, present exclusively in the seed rain, as well as absent in the plant canopy and seed rain of the particular patches.
In each study site the number of seedlings of each taxa appearing in the seedling pool was counted and the five most abundantly represented species in the gaps were distinguished.
Statistical analyses
The normal distribution of the untransformed data (number of taxa/seeds in the traps) was tested using the Kolmogorov-Smirnov one-sample test at the significance level of p<0.05. Subsequently, the variance homogeneity was tested using the Brown-Forsythe test at the significance level of p<0.05. As the distribution of characteristics in some groups of data was not consistent with the normal distribution and the variance was not homogeneous, the statistical analysis was based on the nonparametric Kruskal-Wallis H test. It was applied to examine if there were significant differences in: i) light availability, soil moisture and soil temperature within gaps between particular patches; ii) the number of taxa/seeds in the seed rain between particular patches. After a significant value of the test was achieved, post-hoc comparisons were made.
Chi-square statistics were used to check whether there were significant differences among the study sites in i) species composition of the seed rain regarding the share of species present/absent in the established vegetation and ii) the species composition of the seedling pool regarding the presence/absence of species in the plant canopy and seed rain.
RESULTS
Habitat conditions
The floristic composition of plant canopy did not differ substantially between study sites. The Jacquard index values, reaching 0.40 between Patches I and II, 0.33 between Patches I and III and 0.36 between Patches II and III, indicate the greatest floristic similarity between Patches I and II. The average height of standing vegetation rose in consecutive sites and reached from 44.9 cm in Patch I, via 88.6 cm in Patch II, to 114.2 cm in Patch III. Performed observations showed considerable differences in site conditions within gaps in subsequent study sites. The statistical analysis showed that within openings made in successive patches, light availability decreased, soil humidity increased, whereas the soil temperature did not differ significantly in the openings made in the consecutive patches (Table 2) .
Seed rain
The total number of species recorded in the seed rain in the consecutive patches was 46, 34 and 33, respectively. The average number of all taxa per trap diminished. The total number of seeds in the seed rain in the consecutive patches amounted to 1868, 1185 and 442, respectively. Similarly, the mean number of seeds per trap decreased remarkably in successive patches (Fig. 1) .
Species present and absent in the plant canopy were observed in the seed rain of all the patches; however their contribution was different. In Patches I and II, the share of seeds representing species occurring and not occurring in the standing vegetation was rather similar, whereas the share of seeds representing species present in the plant cover dominated in Patch III (Fig. 3) . The Jacquard index values between species composition in the seed rain and plant canopy in particular patches came to 0.35, 0.34 and 0.47, respectively. The full list of names of the species with their occurrence in the plant canopy and seed rain is given in Suppl. The same letters denote the absence of statistical differences among study Patches.
Seedling pool
The total number of species recorded in the seedling pool amounted to 40 in Patch I and 30 in Patches II and III. The average number of taxa per gap in the consecutive study sites diminished gradually. The total number of seedlings in the consecutive patches was 2428, 1454 and 944, respectively (Fig. 2) .
In all the patches the seedlings representing species occurring in the plant canopy and seed rain recruited most abundantly. The contribution of seedlings representing taxa occurring exclusively in the seed rain decreased sharply in Patch III, while taxa absent in the plant cover and seed rain were slightly represented in the seedling pool only in Patches I and II (Fig. 4) . The names of the species with their occurrence in the seed rain and seedling pool are presented in Suppl. . Table S3 ).
DISCUSSION
Seed rain
The obtained results proving that the abundance of species and seeds in traps diminishes gradually in the consecutive patches correspond with those of Jensen [34] , who reported that the number of taxa and diaspores in the seed rain decreases along a successional gradient. Such a scenario might be due to the diminishing species richness in Molinia caeruleae, as confirmed by numerous authors [6, [35] [36] [37] . This phenomenon might also be caused by a gradual decrease in seed production by plants resident in the standing vegetation. Such a scenario was found in abandoned xeric grassland by Soukupová [38] .
Contrary to the findings of Jensen [34] , the analysis of species composition in the seed rain produced evidence that diaspores representing species resident in the standing vegetation dominate in all the study patches, and their share increases remarkably along the successional gradient. The observed sharp decrease in Patch III of species representing species absent in the plant cover might be due to its spatial isolation by the surrounding shrubs and trees. Other studies [39, 40] found that spatial isolation of meadow patches might successfully prevent the transfer of diaspores by water [41] , animals [42] , as well as wind [43, 44] . Surprisingly, the substantial number of Cirsium arvense and Solidago canadensis seeds in traps placed in Patch I, the considerable number of Betula pendula seeds in Patch II, as well as the large number of Filipendula ulmaria seeds in Patches I and II, despite the absence of mature individuals in the plant canopy, might suggest the effective transfer of seeds from the other sites. A large body of literature has confirmed the very effective anemochorous transport of Cirsium arvense [45] [46] [47] , Solidago canadensis [48, 49] and Betula pendula [50, 51] . The hydrochorous transport of Filipendula ulmaria seeds during prolonged spring inundations or heavy rains in the summer or autumn might occur due to the ability of the seeds to survive long-lasting flotation on the water surface [52] . Additionally, Soomers et al. [53] found that the typical wind-and water-dispersers in overgrown, abandoned meadows might be transferred by water. On the other hand, the substantial appearance of Betonica officinalis and Sanguisorba officinalis in the seed rain might be result of the occurrence of numerous mature individuals in the plant canopy, which seems to compensate for the rather moderate seed production noted in both taxa [54, 55] .
Seedling pool
The results of the presented studies are also in accordance with previous observations that the number of species and offspring in the seedling pool along the successional gradient decreases in overgrown meadows from Molinia ordo [9, 15, 17] . Such a phenomenon could be due to the increased period of water stagnation that might accelerate the development and infectivity of fungal pathogens, a major cause of mortality of diaspores deposited in the soil [56] . On the other hand, Bekker et al. [57] argued that the seeds of most wetland plants survive better in waterlogged conditions. The successive diminishment of species and seedling number might also be caused by growing shading of the soil surface in openings, particularly by the neighboring large-tussock grasses and shrub willows frequent in Patches II and III. The diminishing of seedling recruitment caused by insufficient Table 1 . Box and whisker plots give the mean (square), SE (box) and SD (whiskers). Asterisks mean that there are significant differences among Patches at the 0.001 level (Kruskal-Wallis H test). Table 1 , description of graphs and the statistical significance level as in Fig. 1.   Fig. 3 . Share of species absent and present in plant canopy appearing in traps set in study patches in the years 2014 and 2015. Names of Patches as in Table 1 Asterisk − significant differences among Patches at the 0.01 level (χ 2 test); "N" − total number of seeds. Table 1 . Symbol " ns " − no significant differences among Patches (χ 2 test); "N" − total number of seedlings.
light availability was observed in many meadow species [58] [59] [60] [61] , while Hautier et al. [62] added that in grasslands, lack of light is the main cause of seedling mortality and species richness loss. Moreover, the lowest recruitment of seedlings in Patch III might be due of the allelopathic activities of Salix caprea inhibiting the appearance of meadow species [63] .
The observed sharp increase in Patch III of seedlings representing species found in the plant cover also corresponds with previous observations showing the gradual augmentation of the share of offspring representing taxa resident in standing vegetation along the successional gradient in Molinia caeruleae meadows [9] . Furthermore, the occurrence of species absent in the plant canopy and seed rain in Patches I and II might suggest seedling recruitment from the reserves of the soil seed bank, appearing as an effect of diaspore accumulation combined with suppressed germination by thick litter and shading. The lack of seedlings representing species not occurring in the plant canopy and seed rain in Patch III contrasts with other studies conducted along the successional gradient in wet meadows [11, 34, [64] [65] [66] , marshlands [67] and oxbow wetlands [68] , proving that even in the advanced stages of overgrowth, the soil seed bank contains viable diaspores of taxa deposited in earlier successional phases.
The observed abundant recruitment of Filipendula ulmaria L., Betonica officinalis L. (Trevis.), Sanguisorba officinalis L., Selinum carvifolia (L.), Serratula tinctoria L., Succisa pratensis Moench., Geum rivale L. and Valeriana officinalis L. confirms previous observations [9, 10, 17, 18] . The colonization success of the aforementioned taxa producing non persistent diaspores [69] might be a consequence of their substantial presence in the seed rain (Suppl . Table  S3 ) and great germination capability. The studies of Grime et al. [70] provided evidence that the seeds of Betonica officinalis, Filipendula ulmaria, Geum rivale, Serratula tinctoria and Succisa pratensis could germinate in Petri dishes immediately after collection, as well as after storage at room temperatures for up to a year. Also, further laboratory tests proved that the seeds of Betonica officinalis [30, 55] , Selinum carvifolia [30, 71] , Succisa pratensis [30, 72] and Sanguisorba officinalis [30, 73] present substantial germination capacity under controlled conditions. The experimental seed sowing in gaps left after the removal of the plant canopy and litter layer in meadows showed considerable seedling recruitment of Betonica officinalis [30] , Geum rivale [74] , Serratula tinctoria [30, 72, 75, 76] , Selinum carvifolia [30, 77, 78] , Sanguisorba officinalis [30] and Succisa pratensis [30, 72, 78] .
Additionally, it should be pointed out that although the majority of species appearing in the seedling pool are meadow taxa, the recruitment of native weeds (i.e. Chenopodium album, Papaver rhoeas) and pioneer trees (i.e. Betula pendula), as well as alien, invasive perennials (i.e. Solidago canadensis) was also noted. Moreover, the successful, abundant seedling recruitment of the aforementioned taxa was repeatedly observed in the laboratory [79] [80] [81] , as well as in natural habitat conditions [10] . Similarly, other authors emphasized the significant survival of seedlings and juveniles of Betula pendula and Solidago canadensis even in competitive environmental conditions [82, 83] . Additionally, the investigations of Mei et al. [84] , as well as Sun et al. [85] , proved the allelopathic activity of Solidago canadensis, contributing to inhibition of the recruitment of seedlings of other species. Taking all this into account, it might be stated that the recruitment of pioneer trees and invasive perennials in Molinia caeruleae meadows should be carefully monitored to avoid promotion of the secondary succession process.
CONCLUSIONS
The number of seeds and taxa appearing in the traps decreased gradually along the successional gradient. Species resident in the standing vegetation dominated in the seed rain in all the study patches, and their share augmented remarkably in the successive sites. To the more successful dispersers (after the species present in plant canopy) belong taxa producing windor water-assisted diaspores that might be transported from other locales.
The abundance of seedlings and taxa appearing in openings in the plant cover and litter decreases along the successional gradient. The majority of taxa appearing in the seedling pool of all the patches occurred in the seed rain, while the contribution of taxa recruiting from the soil seed bank reserves (only in the patches in the early and temporary successional stages) was significantly lower. Creating gaps in the plant cover and litter might be a very effective way of active protection of Molinia caeruleae meadows, enabling the recruitment of meadow taxa. On the other hand, it might also contribute to the recruitment of undesired native and alien taxa and should be closely monitored to avoid promotion of the secondary succession process.
